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Introduction
The atmosphere is full of structure at all length and timescales. The study of the coupling across different scales is one of the ever-present challenges of atmospheric research; it is a key issue both on a fundamental level and also for applied problems. However, because of the simultaneous existence of multiscaled structure, it is difficult to unravel the interactions between them.
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One useful approach is to transform space and time data into wavenumber and frequency domains, effectively decomposing the observation into the parts of its sum, so to speak. One can then compare the distribution of variance density across the wavenumber and frequency spectra to theoretical predictions that are based on different physical models. Perhaps the most famous example of a successful match between such a spectral model and observation is the k -•/a wavenumber power law predicted by Kolmogorov [1941] for homogeneous isotropic turbulence. In this case, the prediction of a -5/3 power law results simply from dimensional analysis, and the proposition that within a certain lengthscale regime (called the inertial subrange) kinetic energy cascades down from large to small eddies without any loss/gain to/from potential energy. The ideas of 5697 universal similarity popularized by Kolmogorov in deriving this spectral form have been applied to describe the characteristics of not only atmospheric turbulence but also of oceanic structures and even of fluctuations in the galactic interstellar medium that span over 12 decades in spatial scale [Gibson, 1991] .
But however ubiquitously the -5/3 power law might appear in wavenumber spectra, three-dimensional turbulence is not necessarily the underlying mechanism producing it. For example, the horizontal wavenumber spectra of kinetic energy in the Earth's atmosphere exhibit a k -5/3 behavior at scales of tens and hundreds of kilometers [e.g., Lilly and Petersen, 1983] where stratification prevents the vertical development of turbulent eddies anywhere close to those scales. To explain these observations, Dewan [1979] proposed a gravity-wave cascade, while Gage [1979] and Lilly [1983] invoked quasi two-dimensional (stratified) turbulence.
Other observations have yielded steeper log-log spectral slopes [e.g., Myrup, 1968] , which have provoked explanations using buoyancy-modified turbulence [Bolgiano, 1962; Shut, 1962; Lumley, 1964; Weinstock, 1978] . More recently gravity-wave theories have been developed for horizontal wavenumber spectra via a similitude approach and a wave cascade [Dewan, 1991] , a saturated cascade [Dewan, 1994 [Dewan, , 1997 , linear-instability saturation with separable vertical wavenumber and frequency spectra and diffusive filtering [Gardner, 1994] . The quasi two-dimensional turbulence ideas have also been further developed for wavenumber spectral predictions [e.g., Mahalov ½t al., 1998 ]. Brasseur [1995] uses a 5øx5 ø latitude-longitude grid with a vertical resolution of 1-2 km in the upper troposphere. Given the high degree of spatial variability in the meteorological and trace gas quantities inside such a box, modelers need to begin taking into account these inhomogeneities. Chemical reaction rates can be highly nonlinear, so the output of an averaged input quantity is not necessarily equal to the averaged output of multiple inputs at finer resolution. Such resolution dependency has shown up quite strongly in model calculations of chemical ozone loss [Edouard et al., 1996] . Recently, Sparling et al. [1998] used measured subgrid-scale variance in C10 concentration to estimate the error caused by model calculations that are too coarse to explicitly include such effects. Another good example of this kind of nonlinearity is the dependence of ozone production rate on NOs, where the rate is positive for an intermediate range of NO• mixing ratios but negative for values outside of that range [Brasseur et al., 1996] . Using an average value of NOs abundance within the model box would not produce the correct ozone production rate if there is variability of NOs within the box. Statistically formed spatial variability spectra of trace gas and meteorological variables could then be used to parameterize the length-scale problem, much like gravity-wave spectra are used as inputs to general circulation models. Measured tracer spectra are also being used as a diagnostic for high-resolution general circulation models [Strahan and Mahlman, 1994] .
In this paper we present horizontal wavenumber spectra of zonal and meridional velocities (u and v), potential temperature (0), specific humidity (q), ozone, methane, carbon monoxide, and carbon dioxide mixing ratios calculated from in situ aircraft measurements taken during the NASA Pacific Exploratory Mission (PEM). While the primary purpose of PEM was to provide an assessment of the atmospheric chemistry over the Pacific ocean and to study the effects of emissions from its rim population centers, the large database of high-resolution dynamical and chemical observations it produced is amenable to spectral analysis. Since most of the flights were over the ocean, variability of spectral form due to topographic effects is kept to a minimum. However, the wide range in altitudes at which the aircrafts were flown provides additional information to previous climatological studies.
Here we will focus on the overall statistical averages of each spectral quantity and their variation with respect to altitude and latitude. We will comment on their implications for physical mechanisms in section 5. In subsequent papers we will explore the relationships between the various measured quantities and conduct specific case studies to delve more deeply into the physical mechanisms that generate the observed spectra.
was flown during PT. Figure 1 shows the flight routes during PEM. Note that the DC-8 and P-3B flew mostly different tracks during PT; hereafter, we will refer to the data from the PT DC-8 flights as PTD, and the data from the PT P-3B flights as PTP. Typically each flight was composed of several straight-and-level tracks at different altitudes connected by steep climbs and descents that were either straight or spiraling.
•s the marine boundary layer (MBL) was a region of interest, each flight usually contained at least one segment at an altitude -,• 300 m or less. We decided on an arbitrary segment length of-,• 100 km for the spectral transform as a good compromise between getting information on longer-scale (-,• 1000-km) structures and obtaining a sufficient number (i.e., more than several) of spectra for statistical purposes. This places our study more in the length regime covered by Bacmeister et al. [1996] than in the length scales of the Global Atmospheric Sampling Program (GASP) [Nastrom and Gage, 1985] . Table 1 gives the distribution of the number of straight-and-level flight segments with respect to altitude and latitude. We defined straight-and-level as a flight segment that remained within -t-15 m in height and -t-7.50 in azimuthal heading. The aircraft navigation system provided the height (pressure altitude) and heading data at a 1-Hz data rate. The DC-8 had a flight ceiling of 12.5 km, while the P-3B had a ceiling of 8.4 km. Because of this difference in performance, the altitude distribution of the flight routes also differed for the two aircraft. For the DC-8, the mode was at 9 km, whereas it was at 5 km for the P-3B. Of the atmospheric parameters measured during PEM, we chose for this study dynamical and thermal observations as well as trace gas measurements with resolution and continuity suitable for spectral analysis. Hence we have calculated wavenumber spectra of horizontal velocity, potential temperature, specific humidity, and the mixing ratios of ozone, methane, carbon monoxide, and carbon dioxide. > 50øN  PWA  2  3  27  0  32   PWB  0  5  25  0  3O  Total  2  8  52  0  62   30ø-50øN  PWA  8  28  63  53  152   PWB  30  52  132  17  231  PTD  2  3  32  0  37  PTP  5  21  3O  0  56  Total  45  104  257  70 erences given in this section for PWA, PWB, and PT. In Table 2 were thus removed [Stickney et al., 1990] . We chose to use potential temperature instead of temperature to minimize the influence of aircraft bobbing. However, in fact, comparisons of temperature and potential temperature spectra showed only slight differences.
Specific humidity was calculated from the static pressure and the dew/frost point temperature. On the P-3B the dew/frost point was measured by a thermoelectric chilled mirror two-stage hygrometer (GE 1011B' 223-323 K range and 0.5-1 K accuracy). During PWA a three-stage hygrometer (EG&:G 300' 198-348 K range and +1 K accuracy) was used. For PWB and PTD a composite specific humidity was calculated from the measurements made by the two-stage, three-stage, and a cryogenic chilled mirror system (Buck Research CR-1' 183-303 K range and 0.5-1 K accuracy), which ex- Carbon dioxide was measured with a nondispersive infrared spectrometer . It shared the gas sampling system with the diode laser. Thus its response time was also ~ i s. Except for PWB, however, the archived datasets for CO, CH4, and CO2 were 5-s averages.
Spectral Analysis Procedure
Each data segment was windowed in the time domain with the Hann (sometimes called "banning") taper, spectrally transformed using the fast Fourier transform (FFT), then the square of the magnitude taken to form the frequency spectrum. The mean was subtracted from the data prior to windowing to remove any gross DC bias, but note that the windowing operation generally reintroduces a slight DC component. The Harm window was chosen in order to minimize sidelobe levels in the Fourier domain at the expense of degraded resolution. Since our main interest was in the spectral form rather than in isolated narrow peaks, this choice seemed to be the optimal compromise. The sidelobe suppression was especially critical since we expected "red-noise" power law spectra that rapidly decayed with increasing frequency. A rectangular window, for example, produces spectral sidelobes that fall off only as the square of frequency, so a spectrum steeper than an inverse-square law would be obscured by the windowing artifact. We tested our analysis program with inputs that consisted of Gaussian white noise convolved with finite impulse response filters with power law outputs and found that it worked well in reproducing the expected spectral form for power laws as steep as -4.
The number of FFT points taken varied with the data sampling period, from 1024 for 0.5-s sampling to 128 for 5-s sampling. The idea was to have the time segments span the space-domain equivalent of --• 100 km. If there were any missing data points within the segment, then it was not used. To provide improved statistical certainty the frequency spectra were smoothed by averaging over different altitude and latitude ranges. They were then transformed to horizontal wavenumber space via Taylor's hypothesis using the mean air speed of the averaging period. Taylor's hypothesis is valid for turbulence, and it should also work well for gravity-wave spectra provided that the aircraft speed was greater than --• 100 m s-• [(Jar'drier' and (Jar'drier', 1993], which was true for all our flight segments. However, because the air speed was never perfectly constant, one must expect some "smearing" across the wavenumber bins. Note that this complication also existed for all past aircraft wavenumber spectral analyses of which we are aware.
Data Presentation
We begin by showing example spectra from each of the measured quantities. The implications of these observations will be discussed in the section 5. Spectral averages were taken with respect to four altitude regions (< 1 kin, 1-5 km, 5-11 km, and > 11 kin) and six latitude zones (< 30øS, 30ø-10øS, 10øS-10øN, 100-30øN, 30ø-50øN, and > 50øN). Data from all latitudes were used in the height-dependent results, but only data from the 5-11 km altitude bin were used in the latitudedependent results. We applied this procedure to minimize the injection of height dependency (especially of the MBL region, which was sometimes quite different from the free-tropospheric results) into the latitudinal results. We chose the 5-11 km region because it had the most number of flight segments (Table 1) . high altitudes). The steepening of the spectral slopes at high wavenumbers in Figure 9 was most likely the result of the slowness of the chilled mirror response. The mixing ratio variance spectra of ozone, which should be a better passive tracer than water vapor, were still generally more variable than the velocity and potentiM temperature spectra but more consistent across platforms and campaigns than the water vapor spectra. 
the specific humidity spectral slopes were quite variable with slopes that were significantly steeper than -5/3 in some cases, (5) the ozone spectral slopes were generally close to -5/3 but in some cases were slightly steeper or shallower by amounts greater than the uncer- Numbers in square brackets denote the number of spectra averaged. The uncertainty figures are the standard deviation divided by the square root of the number of spectral averages for each spectral bin, which were then carried through the summation process. The ellipses indicate no data.
• 10 -6 32 kg-2. tainty values, (6) the carbon monoxide spectral slopes in the MBL were significantly steeper than -5/3, and (7) the carbon dioxide spectral slopes with more than 4 spectral averages encompassed -5/3 within the bounds of the error bars. Tables 7 and 8 Numbers in square brackets denote the number of spectra averaged. The uncertainty figures are the standard deviation divided by the square root of the number of spectral averages for each spectral bin, which were then carried through the summation process. Numbers in square brackets denote the number of spectra averaged.
•Goodness-of-fit parameter, Q, less than 0.1.
The slopes for methane, carbon monoxide, and carbon dioxide were more widely scattered, but this was not unexpected due to the smaller number of spectra that were available for averaging.
Discussion
Above the MBL, our results for horizontal velocity and potential temperature were in general agreement with those from GASP, which showed spectral slopes close to -5/3 in the horizontal wavelength range of 2.6-300 km [Nastrom and Gage, 1985] . Our results extend the remarkable universality of spectral power and slope evident during GASP (which was mainly confined to the cruising altitudes of commercial airliners) to a range of altitudes throughout the free troposphere. For example, the horizontal velocity spectral powers in Tables 3 and  7 Numbers in square brackets denote the number of spectra averaged.
•Goodness-of-fit parameter, Q, less than 0.1. Numbers in square brackets denote the number of spectra averagedß The uncertainty figures are the standard deviation divided by the square root of the number of spectral averages for each spectral bin, which were then carried through the summation process. Only data from the altitude range of 5-11 km were used.
• 10-6 g2 kg-2. Numbers in square brackets denote the number of spectra averaged. Only data from the altitude range of 5-11 km were used.
cascade would have "pushed" the spectral break point to higher wavenumbers than we were able to measure. In the upper troposphere our horizontal velocity and potential temperature spectral powers were greater for latitudes higher than 300 , consistent with both GASP and the balloon-based measurements of Kao and Wendell [1970] . Thus mesoscale energy appeared to increase in the extratropics where baroclinic instabilities are common and geostrophic adjustments could generate gravity waves at the right wavelengths. In the MBL the horizontal velocity spectral slopes for a given campaign were shallower than in the free troposphere. It is not surprising that the spectral forms were different from the free tropospheric case. For example, the gravity-wave spectral theories would not be applicable within a convective MBL because the unstable conditions would not support wave propagation.
In the MBL, small scales (shorter than the thickness of the mixed surface layer) are expected to be domi- Stochastically, these thin structures themselves introduce a scale dependence, so departures from a strict similarity of spectral forms between velocity and scalar quantities can be expected for the gravity-wave model. This may be one of the reasons for the greater variability of our tracer spectral slopes relative to the velocity spectra.
We had less data on the other trace gases, CHa, CO, and CO2, because of calibration data gaps. Spectral slope, the key parameter, ranged fairly widely, but they were clearly steeper than the -1 ozone spectral slope of Nastrom et al. [1986] . Carbon dioxide (the tracer with the longest lifetime) had the least-varying spectral slopes across altitudes (Table 6) , with values inclusive of -5/3 within their uncertainty bounds for spectral averages greater than 4; so, again, the tracer spectral forms generally agreed with the horizontal velocity spectral form.
The general tendency for the tracer spectral powers to increase with latitude confirmed a similar trend observed in the GASP velocity [Nastrom and Gage, 1985] and ozone ] data. The consistency of our results across the different species, instruments, and platforms gave us an extra measure of confidence in our spectral trends. In light of the similarity of spectral forms between the dynamical spectra and the tracer spectra, the latitudinal trend in the tracer variance was also probably the result of a similar trend in the velocity spectral power.
Summary
Our tabulation of the horizontal wavenumber spectral parameters for wavelength regime 6-60 km of horizontal velocity, potential temperature, specific humidity, 03, CH4, CO, and CO2 showed that in the free troposphere their slopes generally did not depart greatly from -5/3. Also, in the free troposphere, there was no systematic change of spectral power with height for any of the quantities except for specific humidity, which decreased with height. In the altitude range 5-11 km, the spectral powers of horizontal velocity, potential temperature, and the chemical tracer mixing ratios were generally greater at latitudes higher than 300 compared to latitudes lower than 300 .
Comparisons with previous large-scale aircraft measurement programs yielded the curious result that our horizontal velocity and potential temperature spectra agreed with the GASP data [Nastrom and Gage, 1985 ], whereas our ozone spectra matched the ER-2 results [Bacmeister et al., 1996] better. The persistence of a near -5/3 slope for both the dynamical and tracer spectra in our data was consistent with both a gravity-wave advection model [e.g., Bacmeister et al., 1996, p. 9459] and quasi two-dimensional turbulence theory [Lesieur and Herring, 1985] . The results from the two previous aircraft studies mentioned in this section were not consistent with either model and were difficult to explain.
In this study we did not observe slopes considerably steeper than -5/3 in the horizontal velocity spectra that would be consistent with buoyancy-modified threedimensional turbulence. In general our results were consistent with the gravity-wave theories [e.g., Gardner, 1994; Dewan, 1997] and quasi two-dimensional turbulence [Gage, 1979; Lilly, 1983; Mahalov et al., 1998 ]. In subsequent papers we will analyze the relationships between the various spectral quantities to address the question of what processes generate the observed wavenumber spectra as well as perform case studies during specific sets of ambient conditions. In particular, for the next article, we will examine Dopplershifting effects on the velocity spectra and check for polarization relations between u and v using Stokes parameter analysis. Thus, in the second paper of this series, we will focus on comparing the predictions of the gravity-wave and quasi two-dimensional turbulence theories with observationally derived quantities.
